Bifidobacteria are Gram-positive, anaerobic, non-motile and non-spore-forming bacteria, and are generally hostanimal-specific, being separated into 'human' and 'animal' groups on the basis of their distribution (Ventura et al., 2004) . Members of the genus Bifidobacterium are typically found in the gastrointestinal tracts of humans and other mammals, but also in the hindgut of important pollinators (honeybees, bumblebees, etc.) (Biavati & Mattarelli, 2012; Killer et al., 2009; Kopečný et al., 2010) . They have also been isolated from waste and dairy products, where the sources could respectively be faecal contamination and intentional probiotic addition . The family Bifidobacteriaceae currently consists of nine genera with validly published names: Alloscardovia, Aeriscardovia, Bifidobacterium, Gardnerella, Metascardovia, Parascardovia, Scardovia (Biavati & Mattarelli, 2012) , Bombiscardovia and Pseudoscardovia (Killer et al., 2013) . At the time of writing, the genus Bifidobacterium comprised 45 species and nine subspecies with validly published names.
The present work deals with bifidobacteria isolated from common marmosets (Callithrix jacchus L.), small NewWorld monkeys that eat plant exudates and insects and that have developed a large specialized caecum for the digestion of the complex carbohydrates found in tree exudates (Bailey & Coe, 2002; Caton et al., 1996) . In a previous work, Michelini et al. (2015) explored bifidobacterial distribution in baby common marmosets. A total of 92 bifidobacterial strains were isolated from samples of fresh rectal swabs from five individuals. Band profiling and clustering analysis, by BOX-PCR and hsp60 RFLP-PCR, highlighted the presence of three known species, Bifidobacterium aesculapii, B. callitrichos and B. reuteri, and five putative novel bifidobacterial species . In the present study, selected representative strains belonging to three of the five previously detected putative novel species, strains MRM_5.9 T and MRM_5.10 (forming cluster I), MRM_8.14 T and MRM_9.14 (cluster II) and MRM_5.18 T and MRM_9.02 (cluster III), were characterized in detail.
Subculturing and maintenance of cultures was performed according to Modesto et al. (2014) . In all experiments (unless otherwise specified), the strains were cultivated in TPY broth at pH 6.9 and 37 8C under anaerobic conditions. Morphological and biochemical profiles, growth parameters and molecular characterization were evaluated for the selected strains.
Chromosomal DNA was extracted according to the method of Marmur (1961) . The DNA concentration was determined spectrophotometrically from the A 260 , and the purity of each sample was estimated by determining the A 260 /A 280 ratio.
The conditions for PCR amplification of the partial 16S rRNA gene, and subsequent DNA sequencing, were described previously (Chao et al., 2008) . Conditions for amplification and sequencing of the partial hsp60 gene were described by Baffoni et al. (2013) ; primers H60F
(59-GGNGAYGGNACNACNACNGCNACNGT-39) and H60R (59-TCNCCRAANCCNGGNGCYTTNACNGC-39) were used. PCR amplification was performed using 25 ml of a mixture containing 10 mM Tris/HCl (pH 8.3), 50 mM KCl, 200 mM of each dNTP, 0.4 mM of each primer, 1 U Taq polymerase (Takara Bio) and 10 ng template DNA. The amplification program for the hsp60 gene consisted of one cycle of 95 8C for 5 min, 30 cycles of 94 8C for 30 s, 61 8C for 1 min and 72 8C for 45 s, and a final amplification step at 72 8C for 10 min. The conditions for PCR amplification of the partial clpC gene have been described by Yanokura et al. (2015) , using primers clpC-F (59-GAGTACCGCAAGTACATCGAG-39) and clpC-R (59-TCATCGTCGAACAGGAAC-39). The amplification program for the clpC gene consisted of one cycle of 94 8C for 2 min, 32 cycles of 94 8C for 20 s, 51 8C for 20 s and 72 8C for 20 s, and a final amplification step at 72 8C for 3 min. The PCR-amplified 16S rRNA, hsp60 and clpC genes were purified according to Yanokura et al. (2015) .
The partial 16S rRNA, hsp60 and clpC gene sequences of the six strains and of the type strains of closely related species retrieved from the DDBJ/GenBank/EMBL databases were aligned with CLUSTAL Omega in CLC Sequence Viewer version 7.5 (www.clcbio.com). The Gblocks program (version 0.91b), a server tool at the Castresana laboratory (http://molevol.cmima.csic.es/castresana/Gblocks_server.html), was then used to eliminate poorly aligned positions and divergent regions of DNA alignments, facilitating phylogenetic analysis (Talavera & Castresana. 2007 ).
Phylogenetic trees, based on partial 16S rRNA, hsp60 and clpC gene sequences of all 51 taxa of the genus Bifidobacterium with validly published names, were reconstructed with the neighbour-joining method (Saitou & Nei, 1987) ; evolutionary distances were computed using Kimura's twoparameter method and are in units of the number of base substitutions per site. Bootstrap analysis of 1000 replicates (Felsenstein, 1985) was performed to evaluate the statistical reliability of the trees. Any positions with less than 97 % site coverage were eliminated (Figs. 1-3 ). Micrococcus luteus DSM 20030 T was used as the outgroup for 16S rRNA and clpC tree reconstruction, and Mycobacterium tuberculosis ATCC 27294 T was used as an outgroup for the hsp60 tree. The 16S rRNA tree topology was also confirmed with the maximum-likelihood method (CavalliSforza & Edwards, 1967) in MEGA6 (Tamura et al., 2013) , using the same parameters (Fig. S1 , available in the online Supplementary Material).
Similarity/identity matrices of the 16S rRNA gene, hsp60 and clpC gene sequences were calculated using MatGat version 2.03 (Campanella et al., 2003) . Based on these results, three independent clusters were confirmed: strains MRM_5.9 T and MRM_5.10 (cluster I), MRM_8.14 T and MRM_9.14 (cluster II) and MRM_5.18 T and MRM_9.02. (cluster III). Strains of each cluster shared low sequence similarity (74.2-96.7 %) with each other and with bifidobacterial taxa with validly published names. Only the strains of cluster I showed high hsp60 gene sequence similarity (ranging from 98.6-99.4 %), to the type strain of Bifidobacterium lemurum, a species recently described from Lemur catta . Phylogenetic relatives are shown in Table S1 .
Based on the neighbour-joining analysis of the 16S rRNA gene sequences, the strains of the first and second clusters are phylogenetically related, composing two subgroups; the third cluster is closely related to the others, but it forms a separate group (Fig. 1) . For the clpC and hsp60 phylogenetic trees, we recognized a topological variation among the sequences of the three clusters (Figs. 2 and 3 ). However, many factors, such as the stochastic nature of mutation, lineage sorting and phylogenetic reconstruction artefacts, could cause different genes to give different topologies (Castresana, 2007 ).
An additional tree was created on the basis of the concatenation of the 16S rRNA, rpoB and clpC gene sequences. This tree ( Fig. S2 ) was reconstructed with the neighbourjoining method (Saitou & Nei, 1987) , and evolutionary distances were computed by Kimura's two-parameter method (Kimura, 1980 ) using MEGA version 6.0 (Tamura et al., 2013) . The tree was rooted using Mycobacterium tuberculosis H37Rv T . The statistical reliability of the tree was evaluated by bootstrap analysis of 1000 replicates (Felsenstein, 1985) . The tree topology was also confirmed by the maximum-likelihood method (Cavalli-Sforza & Edwards, 1967) using MEGA version 6.0 (Tamura et al., 2013) (Fig. S3 ).
16S rRNA gene sequence similarity below 97 % to the most closely related species supports the establishment of a novel species (Tindall et al., 2010) . To support the identification of novel bifidobacterial taxa, we carried out a DNA-DNA hybridization (DDH) analysis of the isolated strains, both between the strains themselves and with the related type strains B. callitrichos DSM 23973 T and B. stellenboschense DSM 23968
T . DDH analysis was performed according to the microdilution well technique, using photobiotin for DNA labelling (Ezaki et al., 1989) . Reciprocal DDH experiments were performed for each pair of strains at 55 8C for 2 h in the presence of 50 % formamide. After 30 min of incubation at 37 8C with the addition of 4-methylumbelliferyl b-D-glucopyranoside solution, fluorescence intensity was measured. The data were calculated as the mean taken by excluding the highest and lowest values of eight replicate wells for each experiment.
DNA-DNA relatedness among strains in the same cluster and their phylogenetic neighbours was evaluated. The results, summarized in Table S2 , confirm the identification of three independent taxa. DDH between the two strains of cluster I (MRM_5.9
T and MRM_5.10) and the related type strain B. callitrichos DSM 23973 T was 34.7 and 35.5 %, respectively, below the 70 % recommended cut-off value for species demarcation (Wayne et al., 1987) . The strains of cluster II (MRM_8.14 T and MRM_9.14) had low DDH to the related type strain B. stellenboschense DSM 23968 T , 3.8 and 10.3 %, respectively, whereas the strains of cluster III (MRM_5.18 T and MRM_9.02) showed DDH to B. callitrichos DSM 23973
T of 26.8 and 39.7 %, respectively.
An estimation was made of the chromosomal DNA G+C content of strains of each cluster, for both the type and reference strains. After extraction, the DNA was degraded enzymically into nucleosides and then separated by HPLC, as described previously (Mesbah et al., 1989) . The DNA G+C content of the strains of clusters I and III was 64.9, 65.1, 63.1 and 63.7 mol%, while lower values, 56.4 and 56.7 mol%, were found for the strains of cluster II (Table S2) .
A phenotypic characterization of the six strains was performed. The morphologies, examined by phase-contrast microscopy, are shown in Fig. 4 Optimal growth conditions were determined in TPY broth after 24 h of incubation under anaerobic conditions. The tested temperatures were 20, 25, 30, 35, 37, 40, 42, 45 and 47 8C. Growth at low pH was screened at pH 3.5, 4.0, 4.5, 5.0 and 5.5. The ability of the strains to grow under aerobic and microaerophilic conditions (CampyGen; Oxoid) was also tested on TPY agar and in TPY broth after 48 h of incubation at 37 8C (Table 1) .
Haemolytic activity was determined for 48 h in Columbia blood agar (Biolife), at 37 8C under anaerobic conditions (Pineiro & Stanton, 2007) .
Gram staining of each strain was carried out on cells grown on TPY agar for 48 h at 37 8C under anaerobic conditions, and using individual Gram staining reagents (Merck Millipore). Catalase and oxidase activities were assessed according to Modesto et al. (2014) . Cellular fatty acid methyl esters were obtained from cells grown in GAM broth (Nissui Pharmaceutical) with 0.5 % glucose at 37 8C for 1 day by saponification, methylation and extraction, using the method of Miller (1982) with minor modifications (Kuykendall et al., 1988) . The cellular fatty acid profiles for each strain and type strains of related species are shown in Table 2 . Palmitic, myristic and oleic acids, the dominant fatty acids, were detected in all the clusters but in different amounts. Notably, the strains of cluster III showed the highest levels of palmitic acid (C 16 : 0 ) (mean 30.33 %) and oleic acid (C 18 : 1 v9c) (mean 14.63 %). Stearic acid (C 18 : 0 ) was found only in clusters I and III and in B. stellenboschense DSM 23968 T , whereas capric acid (C 10 : 0 ) characterized the profile of cluster I. Moreover, two fatty acids showed a strain-specific distribution: undecyclic acid (C 11 : 0 ) was detected in strain MRM_9.14 but not in strain MRM_8.14 T of cluster II, and C 18 : 1 v6c was present in the profile of strain MRM_5.9 T but not in MRM_5.10 of cluster I. The cell-wall peptidoglycan composition of the strains was examined. Cell walls were prepared and hydrolysed according to the method of Schleifer & Kandler (1972) . The cellwall amino acids were analysed by HPLC (Alliance 2695 HPLC system; Waters) equipped with a fluorescence detector (model 474; Waters) and AccQ-Tag column (3.96150 mm; Waters), and using an AccQ-Fluor reagent kit (6-aminoquinolyl N-hydroxysuccinimidylcarbamate; Waters) for derivatization. The peptidoglycan type in clusters I (MRM_5.9
T and MRM_5.10) and III (MRM_5.18 T and MRM_9.02) was L-Glu-L-Ala-L-Lys, with the presence of Ala, Glu and Lys (ratio 1.0 : 1.0 : 0.7), and, in cluster II (MRM_9.14 T and MRM_8.14), it was L-Lys (Orn)-L-Ala 2 -L-Ser, with the presence of Ala, Lys+Orn, Ser and Glu (ratio 3 : 2 : 1 : 1) (Table S3 ).
Fructose-6-phosphate phosphoketolase (F6PPK) is the key enzyme involved in the degradation of hexoses in the F6PPK pathway, and represents a taxonomic marker in identification of the genus Bifidobacterium (Biavati & Mattarelli, 2012) . The phosphoketolase test for the identification of bifidobacteria, developed by Scardovi (1986) and modified by Orban & Patterson (2000) , was performed. All the isolates were positive for the presence of the enzyme.
Metabolic end products from glucose were analysed by ionexclusion HPLC, as described by Kikuchi & Yajima (1992) . Briefly, a mixture of 0.9 ml supernatant of a 1 day culture in modified GAM broth (supplemented with 1 % glucose) and 0.1 ml 10 % (v/v) HClO 4 was allowed to stand for 4 h at 4 8C. Filtered samples with a filter of 0.45 mm pore size (Millipore) were analysed for organic acids using an HPLC-equipped Shodex RSKC-81 column (Showa Denko Co.) and a conductometric detector (model 432; Waters).
There was no evidence of the production of the volatile fatty acids propionic, isobutyric, butyric, isovaleric or valeric acid as metabolic end products from glucose in any of the isolates or related species (Table S4 ). The strains of cluster I (MRM_5.9 T and MRM_5.10) showed the highest production of lactic and acetic acids compared with the related type strain B. callitrichos DSM 23973
T and with other clusters. The presence of the volatile fatty acids succinic, lactic, formic and acetic acids in strains belonging to cluster II (MRM_8.14 T and MRM_9.14) was generally lower than in the related type strain B. stellenboschense DSM 23968
T . Isolates from cluster III (MRM_5.18 T and MRM_9.02) produced more formic acid than did the related type strain B. callitrichos DSM 23973 T . The relationship between the levels of lactic and acetic acids was also calculated; all strains showed a ratio of 1 : 3.
Based on phylogenetic analyses of the partial 16S rRNA, hsp60 and clpC gene sequences, and according to other data, including DDH, DNA G+C content and peptidoglycan cell-wall composition, the six isolates were genetically and phenotypically distinguishable from the currently recognized species of bifidobacteria, and represent three novel species, for which the names Bifidobacterium myosotis sp. nov. (cluster I, strains MRM_5.9
T and MRM_5.10), Bifidobacterium hapali sp. nov. (cluster II, strains MRM_8.14 T and MRM_9.14) and Bifidobacterium tissieri sp. nov. (cluster III, strains MRM_5.18 T and MRM_9.02) are proposed.
Description of Bifidobacterium myosotis sp. nov.
Bifidobacterium myosotis (my.o.so9tis. Gr. masc. n. mys, myos mouse; Gr. neut. n. ous, otos ear; N.L. n. myosotis a mouse ear, referring to the cell shape in live observations). , and the reference strain MRM_5.10 (5DSM 1002175JCM 30897) were isolated from the faeces of common marmosets. The DNA G+C content of the type strain is 65.1 mol%.
Description of Bifidobacterium hapali sp. nov.
Bifidobacterium hapali (ha9pa.li. N.L. gen. n. hapali of/from Hapale, the original genus name of the common marmoset, Callithrix jacchus, from which the first strains were isolated). 
